We have made simultaneous measurements of the instantaneous flow in the main pulmonary artery using an electromagnetic flowmeter and the pulmonary capillaries using the nitrous oxide body plethysmograph method in six lightly anesthetized and spontaneously breathing dogs. We measured the transmission of the flow wave in the pulmonary arterial tree at a variety of heart rates and during alveolar hypoxia. Fourier analysis enabled us to study transmission in the intact animal in a way similar to that of imposed oscillations of flow in the isolated organ. The amplitude of the pulmonary capillary flow pulse was approximately haJf that in the main pulmonary artery. There was progressive decrease in amplitude from the first to the fourth harmonic in both the pulmonary arterial and pulmonary capillary flow pulses. Harmonics above the fourth were small and variable in amplitude. Transmission between pulmonary valve and capillaries was independent of heart rate. Hypoxia did not affect transmission. Assuming that the increase in resistance in this instance was due to precapillary vasoconstriction, this finding suggests that other factors may offset the effect of increase in resistance upon transmission.
transmission of the blood flow pulse through the pulmonary arterial tree.
It has been suggested that with increase in pulmonary arterial resistance, pulmonary capillary flow pulsations may be reduced (1). In a group of patients with pulmonary arterial resistances ranging from 0.4 to 8.6 mm Hg/liter/min the amplitude of the pulmonary capillary flow pulse had a significant negative correlation with resistance but was not linearly related to it (2) . The question arises whether precapillary resistance affects flow wave transmission in the pulmonary circulation and whether transmission depends upon frequency within physiological ranges.
In our study, to express transmission in quantitative terms, we subjected the pulmo-nary arterial and capillary flow pulses to Fourier analysis and measured the transmission of the individual harmonic components from the pulmonary valve to the capillaries by taking the ratio of their amplitudes in the two sites. Thus we set out to investigate how transmission varied with heart rate. We also studied the flow pulse transmission in the pulmonary circulation after the pulmonary vascular resistance had been increased by alveolar hypoxia.
Methods

PULMONARY ARTERY FLOW MEASUREMENTS
We used a Biotronex pulsed-logic flowmeter to record flow in the pulmonary artery. Left thoracotomy was performed aseptically in 11 mongrel dogs under sodium pentobarbital anesthesia. The flow transducer was placed around the main pulmonary artery after blunt separation of the root of the aorta from the pulmonary artery trunk. Silastic catheters were inserted in the main pulmonary artery through a stab incision in the right ventricular outflow and in the left atrium through the left atrial appendix. They were secured by purse-string sutures. Two wires for electric pacing were sewn to the right atrial appendix. Catheters and wires were brought to the outside at the neck of the animal. At least 10 days were allowed for recovery. The catheters were kept filled with heparin, and penicillin and streptomycin were administered daily. During the postoperative period, we killed three of the dogs because they developed complications or because the implanted instruments did not function satisfactorily, and another died spontaneously. The remaining seven animals appeared healthy, their chests were normal by fluoroscopic examination, and arterial Po 2 , Pco 2 , and pH were normal.
CAPILLARY BLOOD FLOW MEASUREMENTS
We have published details of our method for recording capillary blood flow in the dog elsewhere (3). We used an airtight body plethysmograph whose pressure was pneumatically differentiated and recorded by a differential strain-gauge transducer. The signal was calibrated in units of volume flow. The dogs breathed spontaneously, and records were made during a respiratory pause following manual inflation of the lungs with a bag using first air to obtain a control record, and then 80* N 2 O in oxygen. Three brief inflations, lasting 2 to 3 seconds, were performed at the end of a spontaneous expiration. These provided an initial concentration of N 2 O in the airways approximately equal to that in the bag, and the pulmonary artery pressure and flow and left atrial pressure were the same before and after the inflations. The pressure difference between the airway and the plethysmograph was recorded by a PM 15 Statham differential pressure transducer. Gas was continuously sampled from the airway, passed through an infrared N 2 O analyzer, and returned to the plethysmograph. The pulmonary arterial and left atrial pressures were recorded with Statham P23Gb pressure transducers through the silastic catheters.
PROTOCOL AND ANALYTICAL PROCEDURES
We recorded the pulmonary capillary blood flow alone before any surgical operation had been performed on the dogs, and we compared the pattern of the flow pulse with that obtained after thoracotomy and placement of the electromagnetic flowmeter. These studies established that the flow transducer, which restricts the radial expansion of the main pulmonary artery, did not alter the pattern of the capillary flow pulse.
All animals were studied at least twice with a minimum of 2 days between studies. We always recorded pulmonary artery flow in the conscious, resting dog before anesthesia was induced. A dose of approximately 10 mg/kg of body weight of sodium pentobarbital injected into the left atrium produced light anesthesia which allowed us to spray the throat and large airways with a solution of 2% Lidocaine and introduce a cuffed endotracheal tube. The animal was then left undisturbed until heart rate and stroke volume reached a steady level, and the cardiac output was determined by the Fick method using Van Slyke analysis of blood samples from pulmonary artery and left atrium and micro-Scholander analysis of expired air collected in a Douglas bag. The value obtained was used to calibrate the pulmonary artery flow signal. The area of the flow pulses was determined for a given length of time covering at least two complete respiratory cycles; the mean stroke volume obtained in this way was equated with that measured by the Fick method.
The dog was placed, lying on its right side, inside the body plethysmograph, and simultaneous control records of pulmonary arterial and pulmonary capillary flow were obtained. A sample tracing is shown in Figure 1 . The heart rate was then altered by pacing with a Tektronix pulse generator. In two animals with resting heart rates above 100 beats/ min, we used paired pacing to obtain slower heart rates. Heart rates above approximately 220 beats/min resulted in elevation of left atrial pressure and consequently we confined our measurements to rates less than 220 beats/min. Records were also obtained during hypoxia.
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FIGURE 1
Tracings of the blood flow in the pulmonary artery and the signal from the body plethysmograph following N t O inhalation in one of the dogs.
After control measurements were made, the animal breathed 10% oxygen in nitrogen from a bag with a unidirectional valve for 10 minutes. Left atrial blood was then withdrawn for Po 2 , Pccvj, and pH determination, and recordings of pulmonary arterial flow and pressure, and pulmonary capillary flow and left atrial pressure were obtained using 90% N 2 O in oxygen.
After the studies had been completed, the animals were killed and the lungs and hearts were examined. In one animal multiple pulmonary infarctions and hypertrophy of the right ventricle were found. Studies performed on this animal were discarded, leaving data from six animals for analysis (Table 1) .
Recordings were made by a Grass pen recorder at a paper speed of 100 mm/sec. Parts of records during N 2 O uptake were selected to correspond with tracings during the "air control," matching the heart rate and the values of pulmonary artery flow and pressure, and airway pressure. The mean pulmonary artery and left atrial pressure in these parts of the record were measured, and the pulmonary artery flow and plethysmographic tracings were converted to digital form using a high resolution X-Y trace reader (LARR-V) 1 . This device generates a digital output on magnetic tape. It was set to read ordinates at 5msec intervals. A minimum of three consecutive pulses were averaged, and the data on tape recorded on punch cards.
Calculations of the data were made with an IBM digital computer (system 360, model 50). Programs were written to correct the "curvilinearity" of original tracings on the Grass recorder; subtract the "air control" plethysmographic tracing from the corresponding "N 2 O uptake"; analyze the curve, derived from this subtraction, and pulmonary artery flow curve into their Fourier components; equalize the mean terms of the two curves and adjust the amplitude of their components accordingly; resynthesize the original curve from phase and amplitude data of 30 harmonics and compare the result with the original curve; obtain the ratio of amplitudes of pulmonary artery to pulmonary capillary flow 1 Computer Industries Inc., Graphic Systems Divi- Simultaneous registration of the pulmonary arterial and pulmonary capillary flow pulses. Computer plots of the resynthesized curves from their Fourier components A and B were obtained at rest and during right atrial pacing, respectively, from one of the dogs; C and D were obtained during control and hypoxic conditions, respectively, from another dog.
harmonic components of the same frequency; and finally plot the results.
CRITIQUE OF THE METHODS
The Biotronex flowmeter has a quoted frequency response which is flat to 60 cps with a 3-db cut at 100 cps. We applied the carrier wave from the flowmeter modulated by a sine wave from an oscillator to the electrodes of the transducers and found that there was a uniform response to 55 cps. In all animals studied, the implantation resulted in a stable baseline.
The frequency response of the plethysmograph system was uniform to 10 cps, falling to 80% response at 20 cps. There was also a conduction delay of 10 msec (3). Since harmonic components of the capillary flow pulse with frequencies over 10 cps were of negligible amplitude, we made no amplitude correction for the frequency response of the systems recording the two flows. We did not correct for a possible delay in transmission of alveolar pressure changes to the air in the plethysmograph because it could not be measured. The frequency response of our pen recorder was tested and found to be flat to 60 cps.
The baseline of the capillary flow pulse was determined from the "air control" tracing obtained before the N 2 O tracing. Thus the accuracy of the baseline depended on the equality of pressure in the plethysmograph at the start of each of the records. In order to guarantee equality of pressures a large vent was kept open to the atmosphere until the start of a respiratory pause.
The fact that we needed to subtract an air control tracing to obtain the capillary flow pulse is, we believe, the weakest point in our methods. Because the recordings were taken during respiratory pauses, there was no difficulty in finding records in which the stroke volume, heart rate, and patterns of pulmonary artery flow were identical in the two situations. In these conditions the cardiogenic oscillations are presumably also identical. However, even small phase differences of these oscillations in the two records would result in imperfect subtraction of minor but sharp notches on the tracing. These would be represented in the Fourier series as harmonic components of higher frequencies. Thus the capillary flow pulses, which in the final replotting showed uneven outlines, contained harmonic components of frequency above 10 cps with amplitudes greater than the corresponding harmonic components of the pulmonary artery flow pulse. We tested the reproducibility of the measurements obtained using the trace reader and found it to be satisfactory. All data were processed by one operator. 
Results
The flow pulses from the pulmonary artery and pulmonary capillaries obtained under control conditions (Fig. 2 , A and C) were similar to those recorded previously in man and in animals. The amplitudes of the first seven harmonics of the two flow pulses together with the resting mean flow, pulmonary artery, and left atrial pressures are listed in Table 2 . The amplitudes decrease progressively from the first to the fourth harmonic in both the pulmonary arterial and capillary flow pulses. From the fourth harmonic on, the amplitudes are small and variable. The relation of amplitude to harmonic number is illustrated in Figure 3 Amplitudes of the first seven harmonics of the flow pulses in the pulmonary artery (continuous line) and the pulmonary capillaries (broken line) expressed as percent of the amplitude of the first harmonic (fundamental). Means and standard deviations obtained from six dogs at rest whose hemodynamic data are shown in Table 2 . Percent transmission of individual harmonics plotted against frequency. Data obtained from six dogs at rest and after changing the heart rate by pacing the right atrium. Means and ranges are shown for the first four harmonics of frequency up to 8 cps. and standard deviations from six dogs are shown. The amplitudes of harmonics above the fourth represented a small fraction of the fundamental. We have thus considered the transmission of only the first four harmonics of the flow wave. Because of the limited frequency response of our method for recording capillary flow, we only considered frequencies up to 8 cps. Figure 4 shows the transmission of the first four harmonics of the flow pulse, expressed as the ratio of the amplitude of the pulmonary capillary to pulmonary arterial component. There was a small decrease in transmission with harmonic number.
To investigate the relation of transmission to frequency, as opposed to harmonic number, we plotted transmission of the first four harmonics of flow pulses, obtained at rest and during pacing, against frequency (means and ranges of six dogs) ( Fig. 5 ). Heart rates from 60 to 220 beats/min are included. Transmission from the pulmonary artery to the capillaries of the harmonics of the flow pulse of frequencies from 1 to 8 cps showed a considerable variation ranging from 35 to 70$. The mean was around 50% and although it showed some decrease from 1 to 4 cps this was not significant. When the results of the Example of transmission of harmonics of flow waves in one of the dogs. Data were obtained at six different heart rates. There is decrease of transmission with frequency in some instances, but this pattern is not consistent. individual dogs were looked at separately, as in Figure 6 , there was also no consistent decrease of transmission with frequency. Systematic difference in transmission of harmonics of flow pulses with different heart rates was not apparent. The phase differences of the various harmonics had no consistent pattern and this we thought might be partly due to technical reasons because it was possible that slight mismatching of the "air control" record during subtraction of the cardiogenic oscillations could alter the phase of some of the harmonics of the capillary flow pulse. We therefore did not think it justified to present the phase results. An example of the flow Percent transmission of harmonics of the flow wave plotted against frequency during hypoxia. Data from the six dogs are shown individually, CircnUtion Ruttrcb, Vol. XXVII, July 1970 pulses from the same dog at different heart rates is shown in Figure 2, A and B .
The blood gas and hemodynamic responses of the six dogs to breathing 10% oxygen for 10 minutes are shown in Table 3 . A moderately severe degree of hypoxia was present in each animal. The pulmonary artery pressure showed a marked increase in all dogs, but in none was there a change in the left atrial pressure. The cardiac output and heart rate increased in each animal. These changes resulted in a rise of pulmonary arterial resistance of 30 to 62%. An example of the flow pulses obtained during hypoxia in one of the dogs, together with the control pulses is shown in Figure 2 , C and D. Figure 7 shows the transmission of harmonics less than 8 cps of the flow pulse of the six dogs during hypoxia. There was no clear difference from the results during air breathing, but all values fell below the mean of the control data shown in Figure 5 .
Discussion
Our measurements show that in the normal, resting dog the amplitude of the pulmonary arterial flow pulse is approximately halved during the passage through the pulmonary arterial tree. The peak flow is reduced by about 30%, and forward flow continues to the end of diastole. There is a transmission delay of approximately one tenth of a second and the flow during diastole has a quasi-exponential pattern. The characteristics of the capillary flow pulse are comparable to those found in man.
These measurements were obtained during reasonably physiological conditions, i.e., in dogs that had recovered from an uncomplicated thoracotomy, were only lightly anesthetized at the time of study, and were breathing spontaneously. Their cardiac output did not change significantly with anesthesia, and the heart rate increased only a little. Thus in most instances heart rate was less than 80 beats/min. The effect of the inflation procedure used to produce high concentration of NoO in the alveoli was transient and had worn off by the time we made measurements. Values for pulmonary arterial flow and pressure during N2O inhalation were similar to those in the control period. The advantage of the use of Fourier analysis was that it provided an objective, mathematical measure of the changes in the pattern of the flow wave resulting from its passage through the pulmonary arterial tree. The application of this technique in the study of blood pressure or flow pulses was popularized by the work of McDonald (4) and Womersley (5) .
We confined our attention to measurements of the reduction in amplitude of harmonics because we were unable to derive any additional information from the shift in phase for the reasons explained in the previous section. The appropriate number of harmonics to consider in such an analysis should depend on the frequency response of the recording equipment. Although we obtained measurements of the first 30 harmonics, we restricted our comparison to frequencies up to 8 cps to avoid errors due to noise in the recordings.
EFFECT OF FREQUENCY ON TRANSMISSION
Our results indicate that the pulmonary arterial tree has a damping effect upon the propagated flow pulse, producing an attenuation of approximately 50? for frequencies from 1 to 8 cps. The large variations observed could be due in part to technical reasons or reflect a true variability of this function.
We had expected to find a clear-cut decrease in transmission with frequency but this was not seen. A small decrease in transmission between 1 and 4 or 5 cps could be present which would represent the de-crease of the flow transmission curve for the arteries of the lung. If this were the case, we would have expected to find a greater fall in the frequency range 1 to 8 cps since a 50? fall was already present by 1 cps. A more likely explanation is that the transmission curve had reached its low value by 1 cps and remained relatively flat within the range examined. What course it followed after that we cannot say. If we were right in this belief, then the observed change in the flow pulse configuration between pulmonary artery and capillaries must be due to a greater time lag of the second or a subsequent harmonic than that of the fundamental. This is possible because amplitude and phase need not change together.
It may be of interest to compare our results with those of Wiener and associates (6) which were obtained using a model of the lung circulation. The part of their work which is relevant to our studies is the calculation of the amplitude of flow harmonics in the various sections of the right lower lobe of the dog's lung (p. 848, Fig. 8) .
Transmission from the main pulmonary artery to the junction between precapillaries and capillaries (the point where the N 2 O method is believed to sense blood flow) for the first four flow harmonics was approximately 47, 36.5, 60, and 50?, respectively. These values are similar to our actual measurement for both lungs of the living dog.
We found little or no effect of heart rate upon the transmission of harmonic components of the flow pulse and believe that this finding justifies the use of Fourier analysis in this study. This means that the flow wave generated in the intact animal by the right ventricle may be used to study the physical properties of the pulmonary arteries in the same way that induced oscillations might be used in an isolated preparation. These results and the lack of change in pulmonary vascular resistance with heart rate suggests that no significant change in the pulmonary arterial distensibility occurred with change in heart rate.
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EFFECTS OF HYPOXIA
The increase in pulmonary vascular resistance in our dogs with moderately severe degrees of hypoxia was not great. The changes in the waveform of the pulmonary capillary flow pulse which occur during hypoxia have been interpreted in the past (7) as indicating that the site of hypoxic pulmonary vasoconstriction is precapillary. In that work the waveform of the flow in the main pulmonary artery was not recorded. Our study illustrates the need to take into account parallel changes in the flow waveform in the main pulmonary artery because we showed that during hypoxia there was either no change in transmission or only a slight decrease.
Again we had expected to find a decrease in transmission with hypoxia because hypoxia is believed to cause precapillary vasoeonstriction. This effect, however, cannot be excluded by our results. Firstly, increase in precapillary resistance need not cause decrease in transmission as shown by the model of Wiener et al. (6) in which the amplitude of flow harmonics could increase on the downstream side of a resistance. Secondly, if the arterial system of the lungs were analogous to a simple windkessel model, the effect of an increase in resistance upon transmission could be offset by a simultaneous decrease in compliance brought about by one of two different mechanisms. Hypoxia by causing an increase in pulmonary arterial pressure may result in distension of the larger pulmonary arteries which, if they had nonlinear distensibility properties, would become less compliant. Alternatively hypoxia, in addition to constricting arterioles, could also constrict the larger pulmonary arteries thus causing a direct decrease in their compliance. Constriction of the longer pulmonary arteries by hypoxia has indeed been suggested by Sackner et al. (8) .
